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Interferon Gamma Prevents Infectious
Entry of Human Papillomavirus 16 via an
L2-Dependent Mechanism
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ABSTRACT In this study, we report that gamma interferon (IFN-y) treatment, but
not IFN-q, -B, or -A treatment, dramatically decreased infection of human papilloma-
virus 16 (HPV16) pseudovirus (PsV). In a survey of 20 additional HPV and animal
papillomavirus types, we found that many, but not all, PsV types were also inhibited
by IFN-y. Microscopic and biochemical analyses of HPV16 PsV determined that the
antiviral effect was exerted at the level of endosomal processing of the incoming
capsid and depended on the JAK2/STAT1 pathway. In contrast to infection in the
absence of IFN-y, where L1 proteolytic products are produced during endosomal
capsid processing and L2/DNA complexes segregate from L1 in the late endosome
and travel to the nucleus, IFN-y treatment led to decreased L1 proteolysis and re-
tention of L2 and the viral genome in the late endosome/lysosome. PsV sensitivity
or resistance to IFN-y treatment was mapped to the L2 protein, as determined with
infectious hybrid PsV, in which the L1 protein was derived from an IFN-y-sensitive
HPV type and the L2 protein from an IFN-y-insensitive type or vice versa.

IMPORTANCE A subset of HPV are the causative agents of many human cancers,
most notably cervical cancer. This work describes the inhibition of infection of multi-
ple HPV types, including oncogenic types, by treatment with IFN-vy, an antiviral cyto-
kine that is released from stimulated immune cells. Exposure of cells to IFN-y has
been shown to trigger the expression of proteins with broad antiviral effector func-
tions, most of which act to prevent viral transcription or translation. Interestingly, in
this study, we show that infection is blocked at the early step of virus entry into the
host cell by retention of the minor capsid protein, L2, and the viral genome instead
of trafficking into the nucleus. Thus, a novel antiviral mechanism for IFN-y has been
revealed.
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apillomaviruses (PV) are members of a large group of nonenveloped DNA tumor

viruses that infect epithelial tissues of a wide range of vertebrate species. A subset
of oncogenic mucosal human PV (HPV) types are the causal agents of cervical cancer.
These high-risk types, especially HPV16, are also linked to vulvar, vaginal, anal, and
oropharyngeal cancers (1). The cascade of viral protein expression is integrally tied to
epithelial differentiation, with virion production only occurring in the terminally differ-
entiated upper layers (2). These features combine to allow circumvention of host innate
and adaptive immune responses, as few proinflammatory signals are elicited during
these early stages (3). However, most PV infections that induce overt hyperproliferation
are eventually cleared with the apparent involvement of lymphocytic infiltrates (re-
viewed in reference 4). Also, HPV infections are often superimposed on colonization
with other microbial agents, e.g., in the female reproductive tract (reviewed in refer-
ence 5). It is, therefore, of interest to determine if antiviral molecules that are known
components of the innate or adaptive immune response to other infections could
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inhibit PV infection. In this regard, there has been a single report of type | interferons
inhibiting in vitro HPV16 infection (6).

The IFNs are a family of secreted polypeptides that were first identified by their
ability to induce cellular resistance to viral infection (7). Type | interferons, including
IFN-a and IFN-, are released from many virus-infected cells and interact with a shared,
broadly expressed plasma membrane receptor (8, 9). The more recently described type
Il IFNs (IFN-A) are also induced by viral infection (10). However, IFN-A receptors are
largely restricted to cells of epithelial origin, resulting in a narrower cellular response to
pathogens (9). The sole type Il IFN, IFN-v, is released from activated T lymphocytes and
NK cells (9). IFN-vy is critical for macrophage activation in response to microbial
infection, but a wide variety of other cell types, including epithelial cells, express its
receptor, IFNGR, and are responsive to IFN-y activation (8, 9). The antiviral activity of
IFN-vy can either occur directly through the induction of effector molecules or indirectly
through enhanced antigen presentation.

One technical consequence of the restriction of the productive PV life cycle to the
terminally differentiating epithelium is the resultant difficulty in obtaining authentic
viral particles. The pseudovirus (PsV) production system, which is an alternative to
authentic virus, has been used most often to examine early events in PV infection,
including host cell binding and entry (11-13). These surrogate particles contain the two
capsid proteins, the major protein, L1, and the minor protein, L2, and encapsidate a
plasmid termed a pseudogenome, which encodes a reporter protein. Expression of this
reporter indicates successful completion of the entry process. PV initially interact with
heparan sulfate proteoglycans (HSPGs) on either the cell surface (in vitro) or basement
membrane (in vivo) (14-16). This interaction induces distinct conformational changes in
the capsids, including the critical exposure of the amino terminus of L2, which contains
a conserved furin cleavage site that must be proteolytically processed for successful
infection (17, 18). Capsid endocytosis proceeds via a novel pathway which is most
closely related to macropinocytosis (19). The viral particles traverse the endosomal
system via early endosomes and are subsequently delivered to late endosomes (LE)/
lysosomes (20, 21). In the presence of lysosomotropic agents, infection is abolished, and
the particles accumulate in the LE/lysosomal compartment (19). The majority of the
major capsid protein, L1, is retained within this compartment, whereas L2 and the
genome are segregated from L1 and delivered into the trans-Golgi network (TGN) via
a Rab7b- and Rab9a-dependent manner prior to their delivery to the nucleus (22).
Retromer-dependent transport of the L2/DNA complex from the early endosome has
also been presented as an alternative mode of entry to the TGN (23, 24). Entry into the
nucleus requires mitosis, after which the L2/DNA complex localizes to the subnuclear
domain ND10, where transcription of the virally delivered DNA can occur (25, 26).

In this study, we have evaluated the effect of various classes of IFNs on HPV PsV
infection in vitro. Although many studies have examined the consequences of various
IFNs on overall replication of a range of viruses, very few reports have examined the
effects of IFNs on the early stages of the viral life cycle in which the PsV participate. Our
study documents potent inhibition of many, but not all, HPV PsV by IFN-y but not other
IFNs.

RESULTS

IFN-vy efficiently prevents HPV16 PsV infection. We utilized HPV16 pseudovirus
(PsV) infection to assess possible antiviral effects of various exogenous IFNs on the early
stages of HPV infection. These experiments were performed in HaCaT cells, a sponta-
neously transformed human keratinocyte cell line that is often utilized for PV entry
analyses. Treatment of cells with 10 ng/ml IFN-vy resulted in a dramatic decrease in
HPV16 PsV infection, as measured by expression of the GFP-encoding expression
plasmid packaged by the PsV (Fig. 1A). Unexpectedly, treatment with 5 other IFN types
at the same concentration did not affect PsV infection. These negative results included
several repeat experiments in which treatment with IFN-a and IFN-B, the IFN
types reported previously to inhibit HPV16 PsV infection (6), were tested. For these
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FIG 1 HPV16 PsV infection of HaCaT cells is sensitive to type Il IFN treatment. (A) HaCaT cells were treated
with 10 ng/ml of various types of IFN for 18 h prior to infection with an HPV16 PsV that contained a
packaged GFP expression plasmid. GFP expression was determined by flow-cytometric analysis at 72 h
postinfection. The percentage of infection in untreated cells was set to 100%. The percentage of infection
in the treated samples was normalized to that value. Triplicate infections were analyzed for all experiments.
(B) The amount of IFN-y necessary to decrease HPV16 PsV infection was determined by titration. The noted
amount of IFN-y was added to cells 18 h prior to commencement of infection. Inhibition data were
normalized to untreated, infected cells. (C) Inhibitors were added immediately prior to IFN-y addition (0.2
ng/ml) or analyzed in the absence of activation. The unlined bars indicate infection with the inhibitor only,
and the lined bars in the same color shade indicate the data with IFN-y activation. The data are normalized
to the infection levels in untreated, HPV16 PsV-infected cells. The inhibitors were used at the following
concentrations: PF-573228, 100 nM; ruxolitinib 1, T wM; ruxolitinib 2, 100 nM; U1026, 100 nM; CEP-33779,
20 nM; C16, 1 uM, stattic, T uM. As noted in the text, only treatment with ruxolitinib and CEP-33779
repressed the IFN-vy effect on HPV16 PsV infection. (D) IFN-vy (5 ng/ml) was added at different times pre- or
postinfection with HPV16 PsV, as indicated, and infection data were normalized to untreated, infected cells.
(E) The efficacy of the inhibitors at the concentrations utilized for panel C were evaluated by examination
of the phosphorylation status of the target protein as indicated. To induce STAT3 phosphorylation, cells
were treated with 20 ng of IL-6 for 15 min following addition of stattic. Both concentrations of ruxolitinib
shown in panel C were evaluated for their ability to block STAT1 phosphorylation. A lower concentration
(10 nM) was found to be inefficient.
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experiments, we used the same IFN source, cell line, and treatment time as in the earlier
publication.

We next evaluated the dose dependence of IFN-y on the inhibition of HPV16 PsV
infection by performing a titration of the concentration of IFN-y from 10 ng/ml to 3.2
pg/ml (Fig. 1B). Infection was inhibited even at low levels of exogenous IFN-vy, with
substantial effects evident with a dose as low as 0.08 ng/ml. Comparable levels can be
present in the local environment during the course of a microbial infection, as occurs
following herpes simplex type 2 infection of the vaginal tract (27-29).

IFN-y exerts its effect on cells by engagement of its receptor, IFNGR, which typically
activates the Janus kinase (JAK) signal transducer and activator of transcription (STAT)
intracellular signal transduction pathway, resulting in the transcriptional activation of
IFN-y-inducible genes (reviewed in reference 30). Inhibitors of this canonical signaling
pathway include a pan-JAK inhibitor, ruxolitinib, and a JAK2-specific inhibitor, CEP-
33779. In addition, IFN-y may activate JAK-independent pathways. For example, in
response to IFN-vy, there may be activation of the signal transduction cascade that
includes the mitogen-activated protein kinase kinase 1 (MEKK1), the mitogen-activated
protein kinase 1 (MEK1), and the extracellular signal-regulated kinases 1 and 2 (ERK1/2),
which regulate the CCAAT/enhancer binding protein beta (C/EBP-beta) and C/EBP-
beta-driven expression (31, 32). It has also been shown that IFN-y can trigger the
phosphorylation of MEKK4 through activation of Pyk2 (FAK2) in HaCaT cells (33). To
determine which IFN-y-induced pathway was responsible for the observed reduction of
HPV16 PsV infection, we treated HaCaT cells with inhibitors of these pathways prior to
IFN-y addition and evaluated the subsequent effect on HPV16 PsV infection (Fig. 1C).
For this experiment, we used a lower concentration of IFN-vy (0.2 ng/ml), which, because
it inhibited infection less completely than the higher concentration, made it possible to
identify either an increase in infection, indicating that the inhibitor blocked the IFN-vy
pathway of interest, or a further reduction of infection, indicating the inhibitor coop-
erated with the effects of IFN-y. None of the inhibitors had a dramatic effect on HPV16
PsV infection in the absence of IFN-vy treatment, implying that under our normal growth
conditions, PsV infection does not utilize the pathways affected by the inhibitors (solid
bars). In the presence of IFN-y (lined bars), none of the inhibitors augmented the
anti-PsV activity of IFN-y. However, the two JAK inhibitors (ruxolitinib, at the two
concentrations shown, and CEP-33779) largely reversed the negative effect of IFN-y on
PsV infection. These results indicate that the ability of IFN-y to inhibit PsV infection
depends on the canonical JAK2/STAT1 pathway. In contrast, there was no effect on the
IFN-y-induced phenotype when MEK1/2 was inhibited with U1026, FAK was inhibited
with PF-573228, or STAT3 was inhibited by stattic, indicating that these pathways are
not critical mediators of the reduction in PsV infection induced by IFN-vy. The efficacy
of these inhibitors in HaCaT cells at the chosen concentrations was confirmed (Fig. 1E).
The phosphorylation of FAK was incompletely blocked by PF-573228; however, we
expect that this level of reduction would have been sufficient to be reflected in a
functional decrease (Fig. 1C).

To determine the stage of PsV infection that was the target of the observed antiviral
effect, we added IFN-vy to the HaCaT cells at different time points prior to or after HPV16
PsV addition (Fig. 1D). We found that we could still prevent almost 80% of PsV infection
when we delayed addition of IFN-y until 3 h postpseudovirus addition. HPV exhibits a
slow asynchronous entry with a half time of 4 to 11 h. Thus, the inhibition kinetics led
us to examine whether IFN-y treatment affected the endocytic entry of the pseudovi-
rus.

IFN-vy affects endocytic trafficking of HPV16 PsV. To evaluate the possibility that
IFN-y treatment affects HPV16 entry in HaCaT cells, we compared the localization of
internalized HPV16 PsV at 24 h postinfection in untreated cells with that of cells that
were treated with IFN-y starting 18 h prior to infection. Consistent with previous
studies, HPV16 L1 was localized in LE/lysosomes in the absence of IFN-vy (Fig. 2A), and
this pattern was even more pronounced in the IFN-y-treated cells (Fig. 2B). IFN-y
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FIG 2 Viral components do not exit the LE in IFN-y-treated cells. The localization of HPV16 PsV components was compared in untreated HaCaT cells and
IFN-vy-treated cells at 24 h postinfection. IFN-y-treated cells were treated for 18 h prior to virus addition. In all instances, the IFN-y-treated condition is shown
in the second panel of the pair. Panels A and B show the staining of HPV16 L1 in the green channel and the lysosomal protein LAMP-1 in the red channel. Note
the increased staining intensity and colocalization in the IFN-y-treated cells in panel B. The inset in each of these panels shows a surface-rendered image of
a Z-stack series of each condition. Panels C and D show the localization of the delivered PsV genome in the green channel and L1 protein in the red channel.
In order to appreciate the intensity of the vesicular staining under each condition, we have examined a line profile across a 7-um region and inserted this within
the panel along with a magnification of this region. The y axis reflects the pixel intensity across the distance (x axis). The third group, shown in panels E and
F, show the colocalization of the PsV genome (green) and L2 protein (red). The line profiles for a chosen region have been inserted. In the final group (panels
G and H), the Golgi localization of L2 was evaluated by costaining of L2 (green) with giantin (red). A split image of a chosen region is shown to allow better
appreciation of the localization of L2 staining relative to the medial Golgi marker.

treatment seemed to cause an increase in the size of the LAMP-1-staining compartment
in addition to the increased retention of PsV capsids within this compartment. To
examine this, we measured the diameter of 50 LE/lysosomes for each condition. The
range for untreated cells was 0.712 um to 1.34 um, with an average of 1.012 = 0.0201
um. For IFN-vy-treated cells the diameter range was 0.933 um to 3.22 um, with an
average of 1.366 um = 0.0579 (P < 0.0001). This increased size can also be appreciated
in the insets shown in Fig. 2A and B, which show the localization of HPV16 within the
LAMP-1 compartment in both instances. We also examined the trafficking of the
encapsidated pseudogenome, using HPV16 PsV particles that had packaged an
5-ethynyl-2’-deoxyuridine (EdU)-containing plasmid, which can localize the PV pseu-
dogenome during entry. At the 24-h postinfection time point in untreated cells, most
of the genome typically had left the endosomal system. The residual vesicular genome
colocalizes with L1 (Fig. 2C). In contrast, the IFN-vy-treated cells demonstrated both
increased retention of the genome with L1 as well as stronger staining overall, probably
indicating a decreased loss of genome during capsid processing (Fig. 2D). The insets in
Fig. 2C and D show a region at higher magnification, and the corresponding line
profile at the bottom of the two panels verifies the colocalization of the vesicular
genome with L1 in both instances and the increased signal intensity under the
IFN-+y-treated conditions.

The subcellular distribution of L2 ordinarily mirrors that of the pseudoviral DNA, as
both of these PsV components traffic together through the endosomes and TGN en
route to ND10 (25). In untreated cells, these components were colocalized and distrib-
uted among the endosomes, the TGN, and ND10 at the 24-h time point, as previously
described (Fig. 2E) (22). In contrast, although L2 and the pseudogenome were also
colocalized in the IFN-vy-treated cells, there was no nuclear staining or Golgi-like pattern
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(Fig. 2F), and all of the signal was apparently vesicular, as also demonstrated by the
staining shown in Fig. 2B and D. The insets in Fig. 2E and F contain a magnified region,
and the corresponding line profile confirms an increased signal intensity following
IFN-vy treatment. We also examined the delivery of L2 to the Golgi complex. We have
previously shown that L2 localizes to the TGN, adjacent to the medial Golgi marker
protein giantin, during infectious entry (22). This localization was readily seen in the
untreated cells (Fig. 2G). In contrast, in the IFN-y-treated cells, the distribution of L2 was
clearly distinct from the Golgi complex (Fig. 2H). The insets show the single-channel
signals for the indicated region. To further demonstrate the deficiency in L2 delivery to
the Golgi complex, we quantified the percentage of L2-positive cells that showed Golgi
localization (100 L2 cells were examined for each condition). We found that only 13%
of the IFN-vy-treated cells, compared to 64% of the control cells, had Golgi complex-
localized L2. In sum, the microscopic analysis indicated that IFN-y treatment caused the
retention of L2 and packaged DNA in the LE/lysosomal compartment, where they
continued to be colocalized with L1.

IFN-vy treatment affects vesicular processing of HPV16 capsids but does not
globally affect endocytic trafficking. The proteolytic processing of HPV16 capsids
during cell entry, as recently analyzed in detail by Cerqueira et al., results in distinct L1
cleavage products that are generated through protease cleavage during endosomal
trafficking (34). To determine if IFN-y activation altered this process, we added HPV16
PsV to untreated or IFN-y-treated cells and examined L1 degradation during the initial
48 h of infection. We obtained similar results whether the L1 cleavage products were
analyzed directly by Western blotting or immunoprecipitated with an anti-L1 polyclonal
antiserum and then detected by Western blotting with an anti-L1 monoclonal antibody.
We focused on the immunoprecipitation/Western blotting procedure (Fig. 3A), as this
technique eliminates detection of the multiple reactive cellular proteins in HaCaT cells
that, as described by Cerqueira et al., can interfere with analysis of the processed
capsids by direct Western blotting (34). However, the heavy- and light-chain antibodies
(labeled H and L, respectively) from the immunoprecipitation step are visible in all
samples, including the cell-only control. In untreated cells, as previously reported, a
ladder of less-than-full-length L1-derived products, migrating between approximately
23 kDa and 45 kDa, was seen at the 6-h time point, and these products were resolved
at the 24- and 48-h time points with the coincident appearance of a lower product of
approximately 15 kDa. In the IFN-y-treated cells, however, the processing was less
extensive. The ~23-kDa doublet in the IFN-y-treated cells was less prominent at 6 h
than in the untreated control at this time point, but the intensity of the doublet was
increased at 24 and 48 h, making it similar to that of the untreated control at 6 h and
more intense than the untreated control at the later time points. Furthermore, there
was no decrease over time in the slower-migrating degradation products, and only a
trace of the ~15-kDa product was seen. These results indicate that the endocytic
processing of HPV16 pseudovirions is impaired following IFN-vy treatment. It should also
be noted that this pattern does not resemble those observed previously with a panel
of protease inhibitors, nor does it resemble the pattern obtained following endosomal
acidification inhibition, in which generation of most of the L1 cleavage products
required acidification, as the appearance of the lower bands was prevented by either
NH,CI or bafilomycin A treatment (34).

Given this L1 processing defect, we evaluated whether it indicated a reduction in the
efficiency of the separation of L2 from the capsid, which occurs prior to L2’s egress from
the LE/lysosome (22, 35). Therefore, we determined the amount of L1-associated L2 at
24 h postinfection in cells that were untreated or IFN-y treated, using immunoprecipi-
tation of samples with an anti-L1 polyclonal antiserum followed by Western blotting for
the detection of L1 and L2 proteins (Fig. 3B). As expected, HPV16 infection of untreated
cells (lane 4) resulted in some full-length L1 (upper) with little associated L2 (lower),
although there was ample capsid-associated L2 in the input capsids (lane 2). As the
L1-L2 dissociation occurs in a pH-dependent manner, the acidification inhibitor NH,Cl
was included as a positive control for L2 retention (lane 5). When the cells were treated
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FIG 3 Intracellular processing in the presence of IFN-v. (A) The intracellular processing of HPV16 L1
was examined by anti-L1 VLP immunoprecipitation using a rabbit polyclonal antiserum followed by
Western blotting using a monoclonal antibody in both untreated and IFN-y-treated HaCaT cells.
Under the uninfected, cell-only conditions, indicated by “co,” only the heavy- and light-chain
antibody bands were evident (indicated as H and L). In the HPV16 PsV-infected cells the full-length,
unprocessed L1 band (FL) was evident throughout the time course. Lower-molecular-mass products,
migrating between 23 kDa and 45 kDa, were evident by 6 h under the untreated cell conditions. The
23-kDa band and an additional 15-kDa band were evident at the 24-h and 48-h time points. Under
the IFN-y-treated conditions, the intermediate-sized products did not resolve throughout the time
course, and little accumulation of the 15-kDa band occurred. (B) The separation of the minor capsid
protein, L2, from the major capsid protein, L1, was evaluated in untreated and IFN-vy-treated cells at
24 h postinfection. Uninfected cells (lane 3) or HPV16 PsV-infected cells (lane 4, untreated; lane 5,
NH,CI treated; lane 6, IFN-vy treated) were immunoprecipitated with rabbit anti-L1 VLP antiserum,
and the presence of the two capsid proteins was evaluated by Western blotting with mouse
monoclonal antibodies (top, L1; bottom, L2). Lane 2 shows the migration of the input virion proteins.
The lower band in lane 2 in the anti-L1 blot is the full-length L1 protein, and the upper band
indicates cross-reaction of this antibody with the L2 protein. Most of the lower-molecular-mass L1
products shown in panel B were cropped out of this figure, but some of the weak, upper bands are
evident in lanes 5 and 6. Following NH,Cl treatment (lane 5), there was an increase in L1 and
L1-associated L2. This was also evident, to a lesser degree, under the IFN-vy-treated condition (lane
6). (C) The intracellular processing of EGFR following EGF addition was examined in either untreated
HaCaT cells or in IFN-vy-treated cells (18 h pretreatment) by Western blotting. The appearance of
lower-molecular-mass forms of EGFR was similar under both conditions (arrow). The lower panel
demonstrates equivalent protein concentrations by the comparison of GAPDH levels.
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with IFN-vy (lane 6), there was an increase in the amount of L2 that remained associated
with L1 (compare with lane 4), although it was less than that seen with NH,Cl treatment
(compare with lane 5). Collectively, the data indicate that HPV16 PsV processing/
uncoating is incomplete in IFN-y-treated HaCaT cells. The result does not phenotypi-
cally resemble that described for either protease inhibition or acidification inhibition.

There is substantial evidence that IFN-y plays diverse roles during modulation of
endocytic pathways (36) and results in the formation of enlarged endosomes in
macrophages (37). Specific endocytically associated proteins induced by IFN-y that we
deemed to be potential effectors included GILT and Rab20. Rab20 functions in the
maturation of phagocytic organelles, its expression was shown to be induced by IFN-y
in macrophages (38), and its overexpression induced the enlargement of the early
endosomal and LE compartments (39). However, in HaCaT cells, we did not observe an
increase in Rab20 expression following IFN-vy treatment (data not shown). GILT was a
second appealing effector candidate; it is an IFN-y-inducible thiol reductase that
catalyzes the disulfide bond reduction of proteins, facilitating their further processing
through cellular proteases (40, 41). As PV capsids are heavily disulfide bonded, reduc-
tive processes could be involved in intracellular uncoating. GILT is present in primary
keratinocytes (42), but we found only low levels in HaCaT cells and no induction with
IFN-y (data not shown), although control cells, melanoma cell lines SK-MEL-2 and
SK-MEL-28, showed strong induction, as expected (43). The increased expression of
GILT in the melanoma cells did not correlate with a decrease in HPV16 PsV infection;
infection of SK-MEL-28 was actually substantially increased following IFN-y-treatment,
whereas infection of SK-MEL-2 was decreased (data not shown). We conclude that
neither Rab20 nor GILT is an effector of the IFN-y-induced depression of HPV16 PsV
infection.

We also determined if the effects observed for HPV16 capsid trafficking reflected a
global cellular perturbation in endocytic trafficking induced by IFN-y activation. To
address this issue, we evaluated the entry of a cellular protein, transferrin receptor
(TFR), and exogenous cargos with defined trafficking routes. TFR is internalized from the
plasma membrane into the early endosome, with the majority recycling to the plasma
membrane and a subset continuing into lysosomes, where it is degraded (44, 45). We
examined the TFR distribution following overnight treatment with IFN-y and compared
the steady-state receptor distribution to that of untreated cells (Fig. 4A and B). IFN-y
treatment did not induce a distinctive difference in the distribution of TFR, although its
staining intensity was clearly increased, probably indicating a minor kinetic perturba-
tion. We also tracked the internalization of the cargo protein, epidermal growth factor
(EGF), which, in association with its receptor (EGFR), traffics from the plasma membrane
to the late endosomal compartment via early endosomes. EGF is degraded following
internalization, whereas EGFR can either be recycled back to the cell surface or
degraded in lysosomes (46-48). We first examined the colocalization of EGF with the
early endosomal marker EEA1 at both 30 min and 120 min following the addition of
Alexa 488-coupled EGF in the presence or absence of overnight treatment with IFN-y
prior to cargo addition (Fig. 4C to F). Unsurprisingly, partial colocalization of EGF with
EEAT was evident in the untreated cells at 30 min (Fig. 4C). At this early time point in
the IFN-vy-treated cells, this colocalization was not prevented and was possibly slightly
enhanced (Fig. 4D). A more distinct difference was observed at the later time point. In
the untreated cells (Fig. 4E), EGF was no longer localized to early endosomes, and the
fluorescent signal was reduced, presumably due to degradation. The IFN-y-treated cells
also demonstrated a passage of EGF out of the early endosomes (Fig. 4F); however, the
intensity of the EGF staining was not greatly reduced compared to the earlier time
point. These results indicate that EGF trafficking through the late endosomal compart-
ment or lysosomal degradation are affected by IFN-vy treatment of HaCaT cells. We also
evaluated the impact of IFN-vy treatment on the degradation of EGFR following addition
of EGF (Fig. 3C). However, the appearance of lower-molecular-weight forms of EGFR,
indicating receptor processing, was similar in the presence or absence of IFN-y,
although a possible slight delay in degradation following IFN-y treatment may be seen
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FIG 4 Effect of IFN-y treatment on protein trafficking. HaCaT cells were left untreated or were treated
with IFN-y for 18 h. The untreated conditions are shown in the left column and the IFN-vy-treated
conditions are in the right column. The steady-state distribution of the transferrin receptor (TFR) was
examined and is shown in panel A (untreated) and panel B (treated). The delivery of Alexa 488-coupled
epidermal growth factor (EGF; green channel) to early endosomes, as indicated by anti-EEA1 staining (red

(Continued on next page)
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at the 2-h time point, as indicated by the less intense lower band (Fig. 3C, arrow). Thus,
IFN-y does not cause a dramatic change in EGFR processing in HaCaT cells.

We examined two cargo proteins, cholera toxin B (CTXB) and ricin, that have been
reported to utilize the retromer complex to access to the trans-Golgi network (TGN)
from early endosomes (49-51). The localization of Alexa 488-coupled cholera toxin B
(CTXB-488) was evaluated in cells that were treated overnight with IFN-y or left
untreated. CTXB-488 was allowed to internalize for 30 min to allow substantial time to
traffic into the TGN. It was clear that the IFN-y treatment had no effect on the ability
of CTXB to enter the Golgi complex, as indicated by colocalization with giantin
(compare Fig. 4G [untreated] to H [IFN-y treated]). Likewise, we evaluated the traffick-
ing of Alexa 488-coupled ricin under these conditions. There was also no effect on Golgi
localization of ricin following a 30-min incubation (compare Fig. 4l [untreated] to J
[IFN-vy treated]). Thus, in HaCaT cells, retromer-dependent trafficking from the early
endosome to the Golgi complex is not disrupted by IFN-y treatment.

Sensitivity of other cell lines. All of the above-described analyses, except for the
GILT control experiments with the melanoma cell lines, were performed in HaCaT cells,
a normal human skin-derived keratinocyte cell line. Therefore, we determined if the
observed effect could be observed in additional cell lines relevant for HPV studies (Fig.
5A). HPV16 PsV infection of the 293TT cell line, which is an adenovirus-transformed
human cell line used for HPV PsV propagation but is not considered a good system in
which to study HPV entry, was completely insensitive to IFN-y treatment. HPV16 PsV
infection of Hela cells, which are derived from an HPV18-positive cervical adenocarci-
noma, showed an intermediate sensitivity to IFN-y treatment, with a maximum inhi-
bition of less than 70%. Ect1 E6/E7, a cell line derived from normal human ectocervical
epithelium that had been immortalized by expression of HPV16 E6/E7, showed com-
plete inhibition of HPV16 PsV infection following IFN-y treatment. However, this line
was less sensitive than HaCaT cells, with the inhibition dropping off sharply in Ectl
E6/E7 at concentrations progressively lower than 2 ng/ml, in contrast to HaCaT. We also
examined the sensitivity of HPV16 PsV infection of a murine keratinocyte cell line, S1,
to murine IFN-y treatment. This cell line demonstrated low sensitivity to the treatment,
with a maximum inhibition of 40%. We verified that all of these cell lines could respond
to IFN-y by confirming the appearance of the phosphorylated form of STAT1 in
response to IFN-y treatment (Fig. 5B, lower). The upper portion of Fig. 5B shows the
detection of endogenous STAT1. Therefore, all cell lines were clearly responsive to IFN-y
despite the observed differences of this treatment on HPV16 PsV infection. Importantly,
it is clear that the IFN-y phenotype is not confined to the HaCaT cell line.

HPV genera are differentially affected by IFN-y treatment. To see if the IFN-y
sensitivity of HPV16 PsV extended to other HPV types, we compared the infection of
HaCaT cells, either untreated or treated overnight with IFN-vy, by 17 additional HPV PsV
types, including alpha and beta genus members. HPV16 is a genus alpha, species 9
member, and we analyzed four additional species alpha 9 members: HPV31, HPV33,
HPV52, and HPV58 (Fig. 6A). Infection with three of the alpha 9 members was strongly
inhibited by IFN-vy treatment (HPV31, HPV52, and HPV58), but HPV33 showed only an
intermediate sensitivity, with approximately 50% maximum inhibition. The represen-
tatives of alpha 8, HPV40, and alpha 11, HPV73, also showed strong inhibition of
infection (Fig. 6B), whereas two alpha 10 members, HPV6 and HPV11, were only weakly

FIG 4 Legend (Continued)

channel), was examined at two time points following EGF addition; the 30-min time point is shown in
panels C (untreated) and D (treated), and the 2-h time point is shown in panels E (untreated) and F
(treated). Note that the slightly increased EGF signal at the 2-h time point does not colocalize with EEA1.
For each panel a selected region is shown as a split image. (G to J) The Golgi delivery of the
retromer-dependent cargoes, Alexa 488-coupled cholera toxin B (CTXB-488) and FITC-coupled ricin
(green channel), was determined by colocalization with giantin (red channel). Delivery of both reagents
was examined at 30 min postaddition. For each panel, a selected region is shown as a split image within
the panels; untreated cells are shown in panel G (CTXB) and panel | (ricin), and IFN-y-treated cells are
shown in panel H (CTXB) and panel J (ricin).
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FIG 5 Evaluation of IFN-y treatment of other cell lines. (A) To determine the IFN-y sensitivity of HPV16
PsV infection in additional cell lines, we pretreated a panel of cell lines with the indicated concentration
for 18 h prior to HPV16 PsV addition. GFP-positive cells were determined at 72 h postinfection and
normalized to the untreated, infected population. The S1 cell line was treated with murine IFN-y.
Triplicate infections were analyzed for all experiments. (B) The ability of these cell lines to respond to
IFN-vy treatment was determined by Western blotting of the endogenous form of STAT1 (upper) and the
appearance of the tyrosine 701-phosphorylated form of STAT1 (lower). The inclusion of IFN-vy is indicated
by the plus sign above the appropriate lane. Note that all cell lines have an intact IFN-y activation
capacity.

inhibited. We examined five members of the alpha 7 species, HPV18, HPV39, HPV59,
HPV45, and HPV68 (Fig. 6C), and observed approximately 80% inhibition of HPV18
infection, but the other species members were not strongly affected by IFN-vy treat-
ment. HPV39 and HPV45 were particularly insensitive. Additionally, an alpha 5 repre-
sentative, HPV26, was poorly inhibited. We also determined the inhibition profile of
three genus beta members: species beta T members HPV5 and HPV8 and the beta
2-type HPV38. Infection of all three types was strongly inhibited by IFN-vy treatment (Fig.
6D). We also examined the sensitivity of three animal PV types: BPV1, CRPV, and
MusPV1. Infection of BPV1 and CRPV was strongly inhibited (more than 80% inhibition),
whereas inhibition of MusPV1 was intermediate (approximately 40% maximum inhibi-
tion) (data not shown). Thus, the sensitivity to IFN-y is not limited to HPV16, to alpha
9 species members, or to human PV types. However, the relative insensitivity of four of
the five tested alpha 7 types is especially intriguing. These data also reinforce the
conclusion that IFN-y treatment does not globally inhibit endosomal trafficking in
HaCaT cells, because such an effect would have been predicted to affect all PV types
equally, as no studies have proven the utilization of distinct entry pathways for different
HPV types (52-54).

IFN-vy sensitivity correlates with L2 type. Given the heterogeneity of the various
HPV types to inhibition by IFN-y treatment, we reasoned that it might be possible to
determine whether the sensitivity of a given HPV type was attributable to its L1 or L2
protein through the analysis of hybrid L1/L2 infectious PsV whose capsid proteins were
derived from HPV types that differ in their sensitivity to IFN-vy. It is known that, for some
PV types, it is possible to exchange the two capsid proteins between two different types
and obtain intact, assembled particles. For instance, HPV11 L1 was found to form
complexes with L2 proteins from a variety of other HPV types, including non-alpha 10
types, and even with the animal type COPV1 (55). We found that infectious PsV can be
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FIG 6 Susceptibility of other HPV types to IFN-y treatment. To determine if other HPV types also showed a sensitivity to IFN-y treatment, we examined the
infection of a panel of HPV PsV types on HaCaT cells. All PsV types were initially titrated to determine the PsV amount to generate 15 to 30% infected cells.
This amount was then used to infect untreated cells and cells that had been treated with a titration series of IFN-y. The percentage of inhibition was determined
by normalizing to the untreated control infection. The species groupings are indicated above each panel and next to the HPV type indicated. (A) Alpha 9 species
members; (B) alpha 8, 10, and 11; (C) alpha 5 and 7; (D) beta 1 and 2 members. Triplicate infections were analyzed for all experiments.

produced from some, but not all, capsid protein combinations (Fig. 7A and unpublished
data). To determine if the disparate IFN-y effects observed for the various HPV types
could be attributed to either of the individual capsid proteins, we produced infectious
hybrid particles between HPV45 L1 as the type insensitive to IFN-y treatment and
HPV16 L2 as the sensitive type (termed HPV45/16). The inverse combination (HPV16/45)
did not produce infectious particles, although coassembly was robust (data not shown).
HPV45/16 PsV infection was inhibited by IFN-vy treatment, whereas the IFN-y responses
of HPV16 L1/L2 and HPV45 L1/L2 were sensitive and insensitive, respectively, as
expected (Fig. 7A). The IFN-vy-sensitive capsid protein in the hybrid PsV was derived
from HPV16 L2, and this result suggests that the L2 protein determines the IFN-y
sensitivity phenotype of the HPV. Given that HPV16/45 PsV did not result in infectious
particles, we produced hybrid PsV from a different combination of PV capsid proteins
to test the hypothesis that IFN-y sensitivity maps to the L2 protein. Hybrid particles
from HPV45 and HPV18, two alpha 7 types that displayed opposite phenotypes in
response to treatment, were assembled. Fortuitously, in this instance both hybrid
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FIG 7 HPV type of the L2 protein confers IFN-y response phenotype. Hybrid HPV PsVs were assembled
and infectivity was confirmed by titration on HaCaT cells. The PsV amount to confer 15 to 35% infection
was then used to evaluate the sensitivity to IFN-y. (A) Both HPV16 and HPV45 displayed their previously
demonstrated infection phenotype following IFN-y treatment. The hybrid PsV that contained the HPV45
L1 protein and the HPV16 L2 protein shared the sensitivity of the HPV16 PsV to IFN-y treatment. (B)
Hybrid PsV were assembled to contain HPV45 L1 and HPV18 L2 and the inverse shuffle, HPV18 L1 and
HPV45 L2. The former capsid combination was sensitive to IFN-vy treatment, like the HPV18/18 PsV. The
latter PsV, with HPV45 L2, was not sensitive to IFN-y treatment, resembling the HPV45/45 PsV. (C) The
capsid composition and purity were determined for each PsV type. Purified particles were examined by
Coomassie G-250 staining. The dominant band in each type is the L1 protein, and the more slowly
migrating band evident in some types is the L2 protein. HPV18 and HPV45 PsV preparations that were
generated with the bicistronic expression plasmid and the two separate L1 and L2 expression plasmids
are both shown.

combinations resulted in infectious PsV. The results with these hybrids confirmed that
L2 mediates the sensitivity to IFN-y, as the HPV45/18 hybrid, whose L2 is from the
IFN-y-sensitive HPV18, was inhibited by IFN-y, while the HPV18/45 hybrid, whose L2 is
from the IFN-vy-insensitive HPV45, was resistant to IFN-y (Fig. 7B).

Different HPV PsV types can have different L1/L2 ratios and also exhibit various
particle-to-infectivity ratios, and the two can only be partially correlated (52). To
confirm that the differential effects of IFN-y that we observed were not attributable to
a trivial explanation, such as the level of L2 incorporation or purity of particle prepa-
ration, all PsV were analyzed by SDS-PAGE and Coomassie G-250 staining (Fig. 7C).
Although there was a range of incorporated L2 levels among these preparations, with
L2 being undetectable in some instances, there was no obvious correlation with either
L2 incorporation or PsV purity and IFN-y sensitivity. As an example, an L2 band is clearly
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evident for HPV26, HPV39, HPV59, and HPV68S, all IFN-vy-insensitive types. L2 is equally
obvious for HPV5, HPV8, HPV38, HPV40, HPV52, and HPV73, IFN-y-sensitive types.

DISCUSSION

The IFN family plays a pivotal role in the control of many viral infections and in
shaping the subsequent adaptive immune response. Their actions are mediated
through signaling pathways triggered by the engagement of receptors that activate the
expression of IFN-stimulated genes (ISGs). Each IFN induces a distinct ISG profile that
includes both shared and unique members (56, 57). These ISG proteins can exert,
among numerous other activities, antiviral actions that can target vulnerabilities at all
stages of the viral life cycle, including entry, transcription, translation, genome repli-
cation, assembly, and egress (reviewed in reference 58), although the described effects
of most reports have concluded that the inhibition is largely at the level of viral
transcription and translation, including studies on the structurally related polyomavi-
ruses (59, 60). The identified effector molecules in these studies include RNA-dependent
protein kinase (PKR), adenosine deaminase (ADAR), guanylate-binding proteins (GBP1
and GBP2), and nitric oxide synthetase (NOS), although in other instances the observed
effects are unascribed (61-67).

We initiated this study to evaluate the entry step at which type | IFNs, both IFN-«
and IFN-B, inhibited HPV16 PsV infection of HaCaT cells, which had been described by
Warren et al. (6). However, we were unable to observe an effect of type | IFN on HPV16
PsV infection, despite repeated attempts with reagents from various sources, including
the same source, treatment time, and concentration utilized in the previous study. The
only clear distinction between the protocols is that we utilized a GFP reporter system
which allows determination of the number of infected cells after gating on only living
cells, whereas the previous study used a luciferase reporter. In that assay system, the
luciferase signal is obtained from the lysate of the entire cell population, which would
include cells adversely affected by the treatment. This difference could explain the
disparate results. Indeed, when we performed an inhibition assay using HPV16 PsV
containing a Dual Luciferase/GFP reporter plasmid, we observed inhibition in the
luciferase assay, comparable to that previously reported, but not in the GFP flow-
cytometric assay (unpublished data).

Given that we have evaluated PsV, our results do not address the possibility that
type | IFNs influence later aspects of the viral life cycle, as would be predicted from the
observation that the viral oncoproteins actively inhibit IFN-mediated cellular responses
(68-71), and numerous studies have demonstrated the efficacy of type | interferon in
the clearance of episomal HPV genomes (72, 73).

In contrast to type | IFNs, we observed a dramatic abrogation of HPV16 PsV infection
following IFN-y treatment, which had not been examined previously. This inhibition
was mediated through the canonical JAK/STAT pathway, although type | IFN treatment
also can induce this pathway in HaCaT cells (74 and data not shown); therefore, the
critical induction downstream of this activation is not shared between these treat-
ments. Interestingly, the inhibition of infection occurred at the level of virus entry and
trafficking, prior to nuclear delivery of the viral genome. Based on our microscopic and
biochemical analysis, endosomal capsid processing was affected, proteolytic digestion
of L1 was incomplete, and L2 was not resolved from the capsid complex as typically
occurs during PV uncoating. This processing block did not mimic that observed
following neutralization of the endosomes or inhibition of essential proteases, as
previously reported (34).

A parallel IFN-vy effect was reported for influenza A virus, where it was found that the
incoming viral particles were sequestered in an expanded LE compartment and viral
fusion was prevented. However, this effect was attributable to induction of IFITM3 (75),
which has been convincingly demonstrated to have no effect on HPV16 PsV infection
(6); therefore, this mechanism is unlikely to be mediating the effects described here.
Other IFN-y-induced effector molecules that are known to affect the endosomal
compartment include Rab20 and GILT (38-41), but our analyses lead us to conclude
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that neither protein makes a major contribution to the inhibition of HPV16 PsV
infection.

Although the normal endosomal processing of HPV16 capsids was prevented in the
IFN-y-treated cells, we demonstrated by both biochemical and microscopic methods
that vesicular processing was not globally affected. Therefore, it is unlikely that our
observations reflect a general inhibition of endosomal degradation or severe cellular
perturbation. Further supporting this conclusion are the data that some HPV types were
impervious to IFN-y activation, and distinct entry pathway usage for various PVs has not
been demonstrated (53, 54). No HPV PsV types have been described to be resistant to
either furin inhibition or gamma secretase inhibition, which reflect both extracellular
and intracellular processing requirements, although differences in cell surface interac-
tions have been described (13, 16, 52). The effect of IFN-vy treatment on endosomal pH
and protein processing has been well documented in macrophages. These studies have
concluded that IFN-vy treatment does not result in less efficient acidification or change
the proteolytic activity of the lysosomal/phagosomal compartments (76-78). However,
as these studies were all performed in macrophages, we could not assume that IFN-y
activation of HaCaT cells did not affect endosomal pH. It has been well established that
PVs require passage through the low-pH environment of the LE for infection (13).
However, as we observed differences among HPV types in their sensitivity to IFN-vy, we
wanted to ensure that this heterogeneity was not associated with subtle differences in
pH dependence. We performed a titration of both bafilomycin A and NH,Cl, which
indicated that all members of a panel of sensitive and resistant types were equally
sensitive to the pharmacologically induced higher pH (data not shown).

One of the interesting facets of our study is the observation that PsV inhibition is
mediated through the L2 protein. As previously mentioned, L2 segregates with the viral
DNA from L1 during endocytosis. This segregation is pH dependent and is mediated, at
least in part, by the action of cyclophilins (35). Our biochemical and fluorescent analyses
indicate that IFN-y treatment prevents this dissociation event. To evaluate if IFN-y
interferes with the action of cyclophilins, we assessed the susceptibility of a panel of
PsV, including those most sensitive and most insensitive to IFN-v, to cyclosporine (CSA),
a cyclophilin inhibitor. We found no correlation between these profiles; as a specific
example, HPV45, a type relatively impervious to IFN-y, was inhibited with CSA to the
same extent as HPV16 (data not shown).

As shown, some genera seem to be resistant to treatment. The sensitivity phenotype
is roughly correlative with genotype, but there are notable exceptions, e.g., HPV18 is
the sole sensitive alpha 7 member. This observation indicates that aspects of the
uncoating process, at the level of L2/genome dissociation from L1, must differ across
the HPV lineage or at least among HPV types. Type-specific differences in uncoating
have not been previously described. Identification of the critical ISG or interferon-
regulated gene (IRG), as the observed effect could also be due to downregulation of an
essential protein, will be instrumental in understanding this aspect of HPV intracellular
trafficking. This information could explain why some HPV types are resistant and
possibly indicate how the various types differ in the critical step of L2/DNA segregation
from the endocytosed capsid.

MATERIALS AND METHODS

Reagents. The following sources for IFNs were used: recombinant human gamma interferon (>98%
purity; cyt-206; ProSpec), recombinant mouse gamma interferon (>95% purity; cyt-358; ProSpec),
recombinant human alpha interferon 2b (>98% purity; cyt-205; ProSpec), recombinant human alpha
interferon 2a (>97% purity; cyt-204; ProSpec), and recombinant human lambda interferon 1 (>98%
purity; PeproTech 300-02L; ProSpec). Additionally, human leukocyte IFN-« (NR-3078) and human recom-
binant IFN-B (NR-3085) were obtained through BEI Resources, NIAID, NIH (purity levels not given). The
inhibitors PF-573228 (S2013; >99% purity), ruxolitinib (S1378; >99% purity), U1026 (S1102; >99%
purity), and CEP-33779 (S2806; >99% purity) were obtained from Selleck Chemicals. The inhibitors
imidazole-oxindole (C16) (19785; >98% purity) and stattic (57947, >98% purity) were obtained from
Sigma-Aldrich. Fluorescein-labeled Ricinus communis agglutinin Il (ricin) (FL-1091) was purchased from
Vector Laboratories. Cholera toxin subunit B conjugated to Alexa Fluor 488 (C34775) and Alexa Fluor
488-conjugated epidermal growth factor (EGF) (E-13345) were purchased from Invitrogen.
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Cell lines. The human keratinocyte cell line HaCaT, originally from Norbert Fusenig (79), and the Hela
and 293TT (11) cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and penicillin-streptomycin (P/S). The murine keratinocyte cell line S1
was a kind gift from Stuart Yuspa (NCI, NIH) (80). The epithelial ectocervical cell line Ect1 E6/E7 was
obtained from ATCC (CRL-2614). Both of these cell lines were also cultivated in DMEM with 10% FBS and
P/S. SK-MEL-2 and SK-MEL-28 are part of the NCI-60 tumor cell line panel and were obtained from the
Developmental Therapeutics Program at the National Cancer Institute, NIH (Frederick, MD).

Antibodies. The rabbit polyclonal antisera recognizing HPV16 and HPV45 capsids were previously
described (81, 82), as were the anti-L2 monoclonal antibodies K1L2 (L2 amino acids 64 to 81), used for
immunofluorescent detection, and K5L2 (47-51, 53-67), used for Western blot detection, both kind gifts
from Martin Miiller (DKFZ, Heidelberg) (83). The anti-LAMP-1 monoclonal antibody (H4A3), developed by
August et al., was obtained from the Developmental Studies Hybridoma Bank developed under the
auspices of NICHD and maintained by the Department of Biological Sciences at the University of lowa
(84). All other antibodies were obtained from commercial sources. Camvir-1 antibody (Abcam) was used
to detect HPV16 L1 on Western blots. Rabbit anti-giantin was obtained from BioLegend (924302). Mouse
anti-TFR was purchased from Zymed (13-6800). Rabbit anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (14C10), rabbit anti-ERK1/2 (9102S), rabbit anti-pERK1/2 (9101S), rabbit anti-STAT3 (12640S),
and rabbit anti-pSTAT3 (9145S) were from Cell Signaling Technology. The antibodies against FAK
(610087) and pFAK (611723) were from Becton Dickinson. The antibodies recognizing EGFR (sc-03),
STAT1 (sc-346), and tyrosine 701-phosphorylated STAT1 (sc-13648) all were purchased from Santa Cruz
Biotechnology, Incorporated.

Pseudovirus production. PsV preparations were produced according to the improved, standard
production protocol published on the laboratory website (http://home.ccr.cancer.gov/Ico/plasmids.asp)
(85). Briefly, 293TT cells were transfected with either a bicistronic plasmid encoding the PV L1 and L2
proteins or two plasmids separately encoding the capsid proteins, together with a reporter gene plasmid
encoding GFP (pfwB). Purity and L1 content were assessed following protein staining of SDS-PAGE gels
with SimplyBlue SafeStain, a Coomassie G-250 stain (Invitrogen). For infection, PsV were used at a
concentration titrated to yield 15 to 30% GFP positivity. The nanogram amount (based on L1 content)
needed to obtain this infectivity varies according to PsV type and is noted after the type. The plasmids
used for the various types were HPV16 (2 ng), p16sheLL; HPV5 (40 ng), p5shell; HPV6 (40 ng), p6shelL;
HPV11 (50 ng), p11L1w and p11L2w; HPV18 (2 ng), p18sheLL; HPV31 (10 ng), p31sheLL; HPV45 (1 ng),
p45shelL; HPV52 (65 ng), p52shelLL; and HPV58 (4 ng), p58shelLL. For the additional types, i.e., HPV8 (80
ng), HPV26 (2 ng), HPV33 (3 ng), HPV38 (100 ng), HPV39 (2 ng), HPV40 (40 ng), HPV59 (5 ng), HPV68 (4
ng), and HPV73 (915 ng), we used the corresponding pVITRO bicistronic expression plasmid described by
Kwak et al. (52), kind gifts from Richard Roden (Johns Hopkins University). For assembly of the hybrid PsV
particles, HPV45/16 (15 ng), HPV18/45 (3 ng), and HPV45/18 (2 ng) were used with the following
plasmids: HPV16 L1, p16L1h; HPV16L2, p16L2h (p16L1h and p16L2h both were generated in our
laboratory); HPV45L1, HPV45L1HD; HPV45L2, HPV45L2HD; HPV18L1, HPV18LTHD; and HPV18L2,
HPV18L2HD. These were all kind gifts from Martin Miller (DKFZ). Where indicated, PsV were assembled
in the presence of 50 uM 5-ethynyl-2'-deoxyuridine (EdU) supplemented to the growth medium at 6 h
posttransfection as previously described (22). Assembled particles were released by detergent lysis,
matured in the presence of 25 mM ammonium sulfate, and purified by ultracentrifugation through an
OptiPrep step gradient (85). For control experiments, HPV16 PsV packaging pcLucf, which encodes both
GFP and firefly luciferase, was produced. Quantification of luciferase activity was performed with the
Britelite plus kit (6066761; PerkinElmer) according to the manufacturer’s directions.

Pseudovirus infection. To assess infection, PsV dilutions were added to HaCaT cells that had been
grown overnight at a plating density of 8 X 103 cells per well in 96-well plates. The percentage of
GFP-transduced cells was determined by flow-cytometric analysis (BD FACSCalibur) after a 48- to 72-h
infection period. Prior to analysis, cells were dislodged with 50 wl 0.25% trypsin. Following this, 150 ul
of fluorescence-activated cell sorter (FACS) buffer (phosphate-buffered saline [PBS] containing 2% FBS
and 0.1% sodium azide) was added to each well, and cells were processed on a Becton Dickinson
FACSCanto Il cytometer equipped with a high-throughput plate reader. Live cells were selectively gated
by forward scatter/side scatter considerations. Addition of IFN was performed 18 h prior to initiation of
PsV infection unless otherwise noted. Biochemical inhibitors of potential IFN activation were added
immediately prior to IFN addition. All flow cytometry experiments were performed in triplicate and
repeated a minimum of three times.

Immunofluorescent staining. Cells were seeded onto glass no. 01 coverslips in a 24-well plate at a
density of 8 X 10%/well and cultured overnight. For evaluation of internalized PsV, 20 ng of PsV was
added to each well and allowed to bind and internalize for 24 h. Following this incubation, cells were
fixed in ice-cold ethanol containing 15 mM glycine and processed for immunofluorescent staining.
Detection of EdU-labeled pseudogenomes was performed with the Click-It 488 Alexa Fluor EdU imaging
kit (Invitrogen) as previously described (22). For visualization of other cargo, incubation was performed
for the time period indicated. EGF-488 was used at a concentration of 1 pg/ml, CTXB-488 was used at
5 ng/ml, and ricin-fluorescein isothiocyanate (FITC) was used at 10 ug/ml. Following these incubations,
the cells were fixed in 2% paraformaldehyde in PBS for 20 min at room temperature, at which time the
coverslips were washed in PBS containing 200 mM glycine and processed for immunofluorescent
detection of marker proteins, as previously described (86). Stained coverslips were mounted by inversion
onto 4',6-diamidino-2-phenylindole (DAPI)-containing solution (Prolong Gold; Molecular Probes). All
images were acquired with a Zeiss 780 confocal system interfaced with a Zeiss Axiovert T00M micro-
scope. Images were collated with Adobe Photoshop software. The insets in Fig. 2A and B show
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surface-rendered images of Z-stack images that were processed with Imaris software. Lysosomal diam-
eters were measured with the Imaris software following surface rendering. Significance was determined
using Welch’s unequal variance t test. The colocalization histograms shown in Fig. 2C to F were created
by line profile analysis in Zen software (Zeiss). The pixel values were exported to GraphPad Prism 7.

PsV processing. To examine the intracellular processing of HPV16 PsV, 4 X 10> HaCaT cells/well were

plated in 6-well plates overnight and then treated with 2 ng/ml IFN-vy prior to incubation with PsV. Nine
hundred nanograms of PsV, based on L1 protein amount, was added per well and incubated for the
indicated time. Following this, cells were removed with 0.25% trypsin, washed twice with PBS, and lysed
in immunoprecipitation buffer (50 mM Tris-HCI, pH 8.0, 100 mM NaCl, 50 mM NaF, 0.5% NP-40, and 0.1%
SDS containing Complete protease inhibitor cocktail [Roche]) for 20 min on ice. Cellular debris was
removed by centrifugation. Clarified lysates were incubated with rabbit anti-HPV16 L1 VLP antiserum and
protein A/G Sepharose (Pierce) overnight in the cold with rocking. Immunoprecipitated complexes were
collected by centrifugation and washed 4 times in IP buffer. The remaining complexes were boiled in
SDS-PAGE sample buffer, resolved on a 4 to 12% NuPage gel (Invitrogen), and transferred to an
Immobilon membrane (Millipore). HPV16 L1 was detected with the Camvir1 antibody. For determination
of L1-associated L2 protein, the above-described procedure was followed. If indicated, the addition of
NH,CI was coincident with the addition of PsV to a final concentration of 20 mM. L2 was detected by
Western blotting with the K5L2 antibody (47-51, 53-67).

EGFR processing. To evaluate the cellular processing of EGFR, 4 X 10° HaCaT cells, plated in 12-well

plates, were either left untreated or were IFN-y treated (2 ng/ml) overnight. Cells were then incubated
with 10 mg/ml cycloheximide for 30 min prior to addition of 100 ng of EGF and incubated for the
indicated times. Cells were lysed directly in SDS-PAGE sample buffer (500 wl) and boiled, and 35 ul was
loaded on a 4 to 12% NuPage gel for Western blot analysis.

Cell activation. The ability of IFN-y to activate the phosphorylation of STAT1 was determined by

Western blotting. A total of 4 X 105 cells/well was plated in a six-well plate and cultured overnight. The
cells were either left untreated or were treated with 100 ng/ml of the indicated IFN for 60 min. Cells were
lysed directly in SDS-PAGE sample buffer (500 ul) and boiled, and 35 ul was loaded on a 4 to 12% NuPage
gel for Western blot analysis. All inhibitors were confirmed to be efficacious in HaCaT cells by evaluation
of the phosphorylation status of an appropriate protein as detailed in the figure legends. For evaluating
the activity of stattic, interleukin-6 (20 ng/ml) was added to the cells 15 min after the addition of stattic.
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